Objective: Aberrations in maternal thyroid function and autoimmunity during pregnancy have been associated with negative obstetric outcome. In Denmark, a national iodine fortification program was implemented in the year 2000 with the aim to alleviate the mild-moderate iodine deficiency. Following the iodine implementation, there has been an increase in thyroid autoimmunity in the background population. This study investigates the thyroid status of pregnant Danish women following the iodine fortification program, and a possible association with preterm delivery. Design: Historical cohort study of 1278 randomly selected pregnant Danish women attending the national Down's syndrome screening program. Methods: The main outcome measures were thyroid status according to laboratory-and gestational-age-specific reference intervals, and association with risk of abnormal obstetric outcome. Antibody-positivity was defined as an antibody-level (thyroid peroxidase and/or thyroglobulin antibodies) above 60 U/ml. Results: Establishing laboratory-specific gestational-age-dependent reference intervals, we found a prevalence of maternal thyroid dysfunction of 10%-15.8% by use of the cut-off suggested by the American Thyroid Association. Thyroid dysfunction was significantly associated with antibody-positivity (P!0.05). No associations were found between preterm delivery and thyroid dysfunction (adjusted OR 0.6, 95% CI: 0.1-2.3) or autoimmunity (adjusted OR 1.1, 95% CI: 0.4-2.7). Conclusions: After the implementation of the Danish iodine fortification program, the prevalence of thyroid dysfunction and autoimmunity in Danish pregnant women is high -even higher by use of pre-established reference intervals from international consensus guidelines. However, no associations were found with abnormal obstetric outcome. Large randomized controlled trials are needed to clarify the benefit of treating slight aberrations in pregnant women's thyroid function.
Introduction
Fetal development and obstetric outcome depend on normal maternal thyroid function (1, 2, 3, 4) . Fetal capacity of thyroid hormone production and secretion begins at 14-16 weeks of gestation whereas fetal consumption of thyroid hormone begins as early as 8-10 weeks of gestation (5) . Therefore, throughout the first trimester the fetus depends solely on maternal thyroid hormones crossing the placenta, and even at birth the maternal contribution to fetal serum thyroxine (T 4 ) is high (5, 6) .
Physiological changes to maternal thyroid status occur during pregnancy (4) . The pregnancy hormone human chorionic gonadotropin stimulates the thyrotropin (TSH)-receptor, which leads to a rise in circulating thyroid hormones and, by negative feedback, a decrease in TSH-levels. Other factors affect maternal thyroid function (estrogen-induced increase in T 4 -binding globulins, increased renal iodine clearance, placental deiodination of thyroid hormones, etc.). These changes in maternal thyroid hormone economy necessitate the establishment of gestational-age-dependent and method-specific reference intervals to secure proper diagnosis and treatment of thyroid disorders in pregnancy (7, 8) .
In the year 2000, Denmark implemented a national iodine fortification program, which has improved the iodine status of the country from moderately iodine deficient to sufficient (9) . Boas et al. (10) have previously published longitudinal reference intervals from 132 pregnant women from Copenhagen attending prenatal care in 1999-2001. However, following the national iodine fortification program, thyroid function reference intervals based on a large number of Danish pregnant women are still to be described. Upon the iodine fortification program, Pedersen et al. (11) showed that the prevalence of thyroid peroxidase antibodies (TPOAbs) and thyroglobulin antibodies (TgAbs) increased in the background population, especially in young women. None of the data pertained to pregnant women. As previous studies have suggested an association between maternal thyroid autoantibodies and abnormal obstetric outcome (2, 3) , a study of Danish pregnant women could provide valuable information to further clarify the risks of thyroid dysfunction during pregnancy.
The aim of the present study was to examine the thyroid status of Danish pregnant women from the Copenhagen area in the first part of their pregnancy, focusing especially on the prevalence of thyroid hypofunction and thyroid autoantibodies. Furthermore, we wanted to investigate a possible association between maternal thyroid status and obstetric outcome.
Subjects and methods
This study was a historical cohort study of Danish pregnant women who participated in the national hospitalized first trimester risk assessment for Down's syndrome using the double test (pregnancy-associated plasma protein A and free human chorionic gonadotropin-b chain (hCG-b)) and the nuchal translucency scan. Among all women attending the Down's syndrome screening at the Copenhagen University Hospital (Rigshospitalet) in 2008, 1278 women (23.8%) were randomly selected by analyzing the first w105 identity-encrypted blood samples stored in each calendar month. Women with twin pregnancies and/or known thyroid disease or diabetes were excluded from all analyses (Fig. 1) .
The study was approved by the Scientific Ethical Committee of Region H (subdivision of the Danish National Ethics Committee) (project H-1-2010-014) and the Danish Data Protection Agency (file number 2012-41-0876). For this historical study, the Scientific Ethical Committee of Region H did not find the need to obtain written informed consent from the included women.
Laboratory methods
The samples had been drawn between midmorning and afternoon and subsequently stored as sera at K80 8C. All blood samples were analyzed at the Department of Thyroid hormone status analyzed n =1278
Women included in outcome analyses n =923
Excluded:
-No analyses of thyroid autoantibodies, n =2 -Twin pregnancies, n=12 -More than one pregnancy analyzed, n =3 -No information on possible thyroid disease, n =287 Women giving birth at another hospital, n =137 All outcome data, but no information on diagnoses, n=4 No outcome data beyond Downs screening ultrasound examination, n =28 No information beyond blood sampling, n =118 -Known thyroid disease, n =21 -Known diabetes, n=30
Women included in reference range estimations n =585
-Antibody positive, n=269 TPOAb >50 U/ml, n =140 TgAb >33 U/ml, n = 231 TPOAb >50 U/ml and TgAb >33 U/ml, n= 102 -Pregnancy achieved by ART, n =52 -No information on method of conception, n=17 3 .
TPOAbs (functional assay sensitivity !50 U/ml), TgAbs (functional assay sensitivity 33 U/ml), hcg-b and thyroglobulin, were analyzed by immunofluorescence assays on the Kryptor instrument (B.R.A.H.M.S., Thermo Scientific, Hennigsdorf, Germany).
Obstetric outcome data
As part of the first trimester risk assessment, a nuchal translucency scan was performed at the Center of Fetal Medicine. Data from this examination provided the biometric measurements, i.e., crown-rump-length, to establish the gestational age of the fetuses. Data regarding background variables and outcome of pregnancy were collected from obstetric databases accessible at the Department of Obstetrics. These databases contained information regarding maternal height, pre-pregnancy BMI, parity, smoking habits, method of conception, gestational age at birth, birth weight, birth length, Apgar score, placental weight, birth outcome (stillbirth/live birth), birth method (planned caesarean section/acute caesarean section/spontaneous delivery, etc.) and confirmed maternal diagnoses, i.e., known thyroid disease and diabetes.
Statistical analysis
Estimation of the sample size was based upon an assumed 5% prevalence thyroid hypofunction in women of childbearing age in the Copenhagen area (12) . We wanted to assess this prevalence with a 0.05 a-level, a power of 0.80 and a width of the CI around the proportion of 0.025. The power calculation derived a sample size of minimum 1168 (13) . All data collected in this study were analyzed using SPSS Statistics, version 20.0 (IBM).
The primary outcome of the study was gestational age at birth with preterm delivery defined as delivery before 37 weeks of gestation. Preterm delivery was further stratified into the following groups: extremely preterm (!28 weeks of gestation), very preterm (R28 to !33 weeks of gestation) and preterm (R33 to !37 weeks of gestation).
Thyroid hormone variables were log-transformed to approach normal distribution. The reference intervals were calculated in Microsoft Excel 2007 as the meanG two S.D. of the log-transformed thyroid hormone values and then inversely transformed to yield the actual reference intervals. Furthermore, for comparison, reference intervals were also established based upon the 2.5 and 97.5 percentiles. In the calculations of reference intervals, in addition to the women with twin pregnancies and/or known thyroid disease or diabetes, all women with a thyroid antibody level (either TgAb and/or TPOAb) above the functional assay sensitivity were excluded as well as women who had become pregnant by assisted reproductive technologies (Fig. 1 ). Binary and linear regression analyses were used to evaluate the associations between obstetric outcome and maternal antibody status as well as thyroid status (based upon the calculated reference intervals). The data material was controlled for the following possible confounders: gestational age at time of blood sampling, maternal age at time of blood sampling, pre-pregnancy BMI!BMI, parity, smoking status and method of conception (pregnancy achieved by assisted reproductive technology). Ethnicity (Caucasian, Afrocaribian, Asian, Oriental and 'other') was included as covariate in the regression analyses regarding thyroid dysfunction. Gestational age at birth was included as covariate in the regression analyses regarding birth weight, birth length, placental weight and Apgar score.
Results
In total, blood samples were analyzed from 1278 women. Figure 1 illustrates the subsequent exclusion process. More than one blood sample had been analyzed in three cases. For these women, outcome data existed for the second pregnancy, which we chose to include (no difference in antibody status occurred between these three women's first and second blood sample). Of the 975 women with information on diagnosed diseases, 21 women (2.2%) with known thyroid disease and 32 women (3.3%) with gestational diabetes (two of whom had known thyroid disease) were excluded. In total, 923 women were included in the obstetric outcome analyses and 585 women in the reference interval calculations (Fig. 1) . Demographics for the women are shown in Table 1 .
Defining thyroid dysfunction
In women included in reference interval calculations, blood samples were drawn between 6 and 20 weeks of gestation (mean 11.2 (S.D. 1.15)). Thyroid dysfunction was classified based on trimester-specific reference intervals (Table 2) . Thyroid dysfunction was found in 10.0% of all included women -subclinical hypothyroidism (3.0%) being the most prevalent (Table 3) . These numbers were found by use of the established laboratory-specific and gestational-age-dependent reference intervals based on percentiles. Figure 2 illustrate different reference intervals (upper figure) and the proportion of women in the present cohort with a TSH outside of each of these (lower figure). If applying the trimester-specific reference intervals suggested by the American Thyroid Association guidelines (14) (and Endocrine Society (15)), 17.5% of women in the first trimester had a TSH-concentration above or below guidelines (Fig. 2, lower figure) .
Thyroid autoimmunity
Antibody-positivity was found in 16.1% of the women, but only 5% had both TPOAbs and TgAbs (Table 3) . Antibody-positive women were significantly (P!0.05) older and had had more previous pregnancies and births than antibody-negative women (Table 1) . However, when entering these three covariates in a binary logistic regression model, only maternal age remained consistently significant, while parity lost all significant association with antibody-positivity.
Regardless of the cut-off used, there was a significant association (P!0.05) between antibody-positivity and thyroid dysfunction. Using our clinical cut-off for antibody positivity of 60 U/ml, 8.6% of antibody-negative women had thyroid dysfunction, while the corresponding number in women who were either TgAb-or TPOAbpositive was 14.0% (Table 3 ) (ORZ2.2, 95% CI: 1.3-3.8, P!0.01). The risk of thyroid dysfunction was the highest (24.4%) amongst women who were both TgAb-and TPOAb-positive as compared to antibody-negative (aORZ3.6, 95% CI: 1.7-7.6, PZ0.001). Only 19 women (2.1%) had both TPOAb-levels above 60 mU/l and thyroid dysfunction. None of the antibody-positive women were overtly hyperthyroid or hyperthyroxinemic. 
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Missing data
Women (nZ287) with complete blood analysis, but no information on possible pre-existing thyroid disease were excluded from reference interval calculations and all outcome analyses. Of these, 146 (11.4%) had no records on outcome data (i.e., ultrasound examination and/or birth outcome). Neither antibody-positivity (TPOAb and/or TgAb) nor thyroid hormone status differed significantly (PZ0.60 and PZ0.36 respectively) between the women with missing data and the women included in outcome analyses.
Obstetric outcome
One child was stillborn at term (37.9 weeks of gestation). The obstetric records stated that this was a high-risk pregnancy with a maternal disease (no record of which) complicating the pregnancy, resulting in intrauterine growth restriction and fetal death. The woman was antibody-negative (TPOAb 28 U/ml) and had thyroid hormone levels within the cohort reference interval (TSH 0.4 mU/ml, FT 4 12.3 pmol/l, TT 4 122.5 nmol/l, FT 3 4.1 pmol/l and TT 3 2.2 nmol/l). Preterm birth occurred in 38 (4.1%) of the included pregnancies (Table 4) . No children were born extremely preterm. Of the ten children born very preterm, none of the mothers had TPOAbs, TgAbs, or thyroid dysfunction. In the remaining 28 pregnancies resulting in birth between gestational weeks 33 and 37, six women were antibody-positive (one TPOAb-positive, three TgAbpositive and two both); all were euthyroid at the time of blood sampling. Two antibody-negative women with thyroid levels outside of the reference interval gave birth preterm; one with overt hyperthyroidism (TSH 0.02 mU/l, FT 4 Regarding perinatal outcome, no associations were found with neither antibody-positivity nor thyroid dysfunction in c 2 -analyses or independent sample t-tests (Table 4 ). In the adjusted regression analyses, TPOAbpositivity predicted a minor increase in birth weight (99.2 g (95% CI: 8.5-190.1), PZ0.03). We did not find a significant effect of any of the included covariates on preterm delivery. There was a very small but significant (P!0.05) increased effect of maternal age and BMI on the risk of labor resulting in acute cesarean section (method of conception had a borderline significant effect (PZ0.07)). Higher parity had a significantly protective effect on the risk of acute cesarean section (P!0.001, OR 0.5, 95% CI: 0.3-0.7). As expected, gestational age at birth had a highly significant (P!0.001) effect on birth weight, birth length and placental weight. Birth weight and placental weight were also significantly affected by higher maternal parity and BMI. None of the other covariates had a significant effect when entered into the described models.
Discussion
In Danish pregnant women, slight aberrations in thyroid function and thyroid antibody-positivity were highly prevalent, but none of them predicted an increased risk of preterm delivery or other abnormal obstetrical outcome. A heterogeneous sum of previous studies have drawn both similar (16, 17, 18, 19) and opposite conclusions (20, 21) . 
Predictors of obstetric outcome
Although possibly due to a lack of power, we did not find an association between preterm delivery, and antibodypositivity or thyroid dysfunction -neither in a priori analyses nor in the adjusted regression models. Unlike previous findings (19) , adjusted regression analyses showed a slightly but significantly higher birth weight in children of TPOAb-positive women. However, this was not reproduced in t-tests, or in regression analyses of TPOAband/or-TgAb-positivity. Given the vast amount of analyses performed in the present study, it would seem speculative to attempt to explain the causative nature of a single positive finding (PZ0.03 without Bonferroni-correction). Interestingly, higher maternal age was strongly associated with antibody-positivity and several of the obstetric outcomes, underlining the importance of adjusted analyses in this field. When controlling for maternal age, we did not find an association of parity with thyroid autoimmunity, which confirms previous findings (22) speaking against microchimerism as a strong predictor of thyroid autoimmunity.
Since 2006, w90% of all pregnant women in Denmark have participated in the Down's syndrome screening program (23, 24) . In Denmark, the registration of outcome data in national databases is mandatory for all hospital deliveries, and thus information from these databases is both systematic and reliable. No birth outcome data (including information on known diabetes and thyroid disease) existed for 11.4% of the women who had attended the first part of the screening program, i.e., blood sampling. These women were likely to have had early miscarriages, but they did not differ from the rest of the cohort in regard to thyroid hormone status nor antibody-positivity. However, the antibody-positive women who were included in outcome-analyses were more likely to have had previous pregnancies than antibody-negative women -also when controlling for parity. Thus, our results speak neither for nor against previous studies that have found a higher frequency of miscarriages in women with thyroid autoantibodies and/or thyroid dysfunction (2) .
Thyroid function after the iodine fortification program
Results of population studies have shown that the prevalence of thyroid hypofunction in women of childbearing age living in Copenhagen was w5% before the iodine fortification program. While the iodine status in the population had markedly improved after the iodine fortification program implementation, the incidence of hypothyroidism had slightly increased (9) . In concurrence with previous studies of Danish women of reproductive age (11), our results showed a 10% prevalence of thyroid dysfunction in women with no previous history of thyroid disease.
While a limitation of the present study is the lack of data on urinary iodine levels, studies from the background population in the same area have shown significantly improved urinary iodine levels albeit in the low range of recommended levels (25) . However, the iodine status of young women may not be sufficient to meet the increased demands during pregnancy. In pregnant women from another part of Denmark (previously moderately iodine deficient), Andersen et al. (26) recently showed that urinary iodine levels did not meet the recommended levels despite the iodine fortification program. Finally, pregnant thyroid antibody-positive women have an increased risk of development of subclinical thyroid 
disease (27) as pregnancy progresses, as well as of postpartum thyroid disease (28, 29) . Therefore, our results are a cause for concern even though we did not find an association between abnormal maternal thyroid function, or antibody status, and obstetric outcome. Consideration could be given to implementing national recommendations of iodine supplementation during pregnancy (26) , although a consequent increase in thyroid autoimmunity among young women is likely to occur (11, 28) .
Challenges to thyroid screening in pregnancy
Concerns regarding the impact of abnormal maternal thyroid status on fetal development and obstetric outcome have resulted in international debate of whether to screen for maternal thyroid status antenatally -even before conception (30) . In the most recent Endocrine Society Guidelines, experts within the field were not able to agree on whether to recommend universal screening or not (15) .
In accordance with a recent review by Laurberg et al. (31), we found a prevalence of previously undetected overt hypothyroidism of 0.6%. Laurberg et al. (31) concluded that screening may be justified to detect and treat cases of overt hypothyroidism to prevent complications such as neurocognitive deficiencies in the unborn child -such an approach was found to be cost-effective in a study by Dosiou et al. (32) . Although the identification of women with overt hypothyroidism is highly appealing, several caveats to implementing screening still exist. First, screening will also detect the many women (in our cohort w10%) with abnormal thyroid function besides overt hypothyroidism, i.e., subclinical thyroid disease. For this substantial group, evidence of treatment benefits is still lacking (33, 34) , leaving unanswered the essential question of whom to treat and how in a screening program. Second, laboratory-and gestational-age-specific reference intervals are needed in order to properly evaluate pregnant women's thyroid function. We recently found up to a 100% difference in FT 4 -levels when using gestational-age-specific reference intervals established in two different laboratories within the same iodine intake area of Denmark (7) . In the present study, 17.5% of women in the first trimester had TSH-levels outside the reference interval suggested by the American Thyroid Association; nearly three times as many as when using our own laboratory-specific reference intervals. Similar discrepancies between suggested universal reference intervals and national reference intervals were described by Li et al. (35) . This underlines the necessity of considering not only the laboratory method and the gestational week at blood sampling, but also the iodine Table 4 Obstetric outcome according to antibody-positivity and thyroid function. AbCve, antibody-positive; AbKve, antibody-negative; OR, odds ratio; TPOAbs, thyroperoxidase autoantibodies; TgAbs, thyroglobulin autoantibodies. P!0.05 by c 2 -tests or independent t-tests as appropriate.
a status of the population, when evaluating thyroid function. Although, ideally, all populations should be iodine sufficient, this is not the case. As discussed above, population-based reference intervals of thyroid function variables are much dependent on both population, iodine intake and not least the method used for measurement (36) . Gestational-age-specific reference intervals should therefore be done by the same laboratory and with the same method as the investigated subject's measurement to avoid misclassifications of thyroid status. If we had used the reference intervals suggested by the American Thyroid Association (based on the U.S. population) and had had to take action on the results, we would have had to treat nearly one in five of all (previously thyroid-healthy) pregnant women with T 4 -this would hardly make sense. Instead it would be preferable to enforce extra iodine supplementation in pregnant women. Third, even well-established reference intervals do not account for the many reasons for inter-and intra-individual differences and fluctuations in TSH-levels (10, 37) making interpretation of possible screening results a job for specialists. Finally, the role of thyroid antibody-positivity in pregnancy is still uncertain (29) . Some studies have indicated an association of thyroid autoantibodies with negative pregnancy outcomes even in euthyroid women (38) . In our cohort, thyroid dysfunction was significantly more prevalent among antibody-positive women, and more than half of the women with subclinical hypothyroidism were antibody-positive. However, neither thyroid dysfunction nor antibody-positivity posed a risk to fetal outcome. Until further research has clarified the risks of thyroid dysfunction and thyroid autoimmunity in low-risk-populations and the potential benefits of treatment hereof, we suggest a cautious approach to screening. Prospective randomized controlled trials in this area are much needed.
Conclusion
Thyroid dysfunction is highly prevalent in Danish pregnant women after implementation of the national iodine fortification program. However, maternal thyroid dysfunction and/or antibody-positivity were not associated with abnormal obstetric outcomes. At present, it is possible and biochemically simple to test for and treat thyroid dysfunction, while the necessity of such extensive effort remains to be established. Evidence is still lacking from large randomized controlled trials on the risks and benefits of screening of all pregnant women and treating even slight aberrations in thyroid function. In our cohort, implementing screening programs without such evidence would cause (unnecessary?) concern in 10-18% of pregnant women without prior history of thyroid disease. Instead, a higher recommended iodine intake during pregnancy would be preferable. The psychological consequences and the stressor of being enrolled in hospital care and medicated as a pregnant woman might very well overshadow the potential risk of slight aberrations in thyroid function and autoimmunity on preterm delivery risk. Based on our results and the lack of randomized controlled trials, we caution against the trend of pre-emptive treatment of otherwise healthy subjects. The funding sources had no influence on the design and conduct of the study, the analysis and interpretation of the study data, the drafting, revision or approval of the manuscript, or the decision to submit the manuscript for publication.
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